Abstract-A new method for radio-frequency interference (RFI) contamination identification over open oceans for the two C-subbands and X-band of Advanced Microwave Scanning Radiometer 2 (AMSR2) channel measurements is suggested. The method is based both on the AMSR2 brightness temperature (T B ) modeling and on the analysis of AMSR2 measurements over oceans. The joint analysis of T B spectral differences allowed to identify the relations between them and the limits of their variability, which are ensured by the changes in the environmental conditions. It was found that the constraints, based on the ratio of spectral differences, are more regionally and seasonally independent than the spectral differences themselves. Although not all possible RFI combinations are considered, the developed simple criteria can be used to detect most RFI-contaminated pixels over the World Ocean for AMSR2 measurements in two C-subbands and the X-band.
GEOSCIENCE AND REMOTE SENSING provides an overview of the most recent studies in the field of RFI identification and mitigation [2] and currently known RFI sources [3] . These studies relate both to methodological issues associated with RFI detection and hardware developments to mitigate RFI signals [4] . Not only PMW measurements suffer from RFI. Synthetic aperture radar data also need to be corrected for RFI [5] . RFI is comparatively small over oceans [6] . The situation is much worse over land; thus, most RFI-related studies refer to land applications [7] .
Although many techniques, including spectral difference or multichannel correlation analyses, are developed to identify and flag the data affected by large RFI contamination [6] , low-level RFI contamination can be difficult to identify [8] . Moreover, these techniques are supposed to be of no use over oceans where the natural variability of the spectral differences is comparable with low-level RFI [6] . The spectral differences over the oceans are governed by highly variable sea surface wind speed and atmospheric parameters (water vapor, cloud liquid water (CLW), and precipitation), ensuring much higher values of their natural variability than over the lands. Over the oceans, the model difference technique can be used based on the difference between the measured and simulated brightness temperatures considered as RFI. For example, in [6] such a technique is used to detect X-band RFI for Advanced Microwave Sounding Radiometer (AMSR)-Earth Observing System (AMSR-E) channels at 10.65 GHz under rain-free conditions.
The new Japan radiometer AMSR2 was launched onboard the Global Change Observation Mission (GCOM)-W1 satellite on May 18, 2012 and substituted Aqua AMSR-E. Almost ten years of stable AMSR-E performance provided the scientific community with well-calibrated series of such geophysical products as the sea surface temperature (SST), the sea surface wind speed (SWS), the atmospheric water vapor content (WVC), the CLW content, and others. The lower frequency channels of AMSR2, particularly the C-and X-band channels, which are similar to those of AMSR-E and the WindSat radiometer, are mostly influenced by RFI since these bands are extensively used for media broadcasting. As such, all the geophysical parameters estimated from the measurements at these channels are falsely retrieved over RFI-influenced areas. These are basically the SST and the SWS. Remote sensing systems detect regions of RFI by differencing the AMSR-E SSTs derived using all microwave channels from those SSTs derived without using the 6.9-GHz channel [9] . However, this difference method can be used for strong RFI sources only since a low-level RFI influence on the SST is comparable with the second (without using the 6.9-GHz channel) algorithm's retrieval errors.
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Large RFI-induced errors in the AMSR-E ocean products were thoroughly investigated during the entire mission. The effects of different RFI sources were studied for the whole time period of interference [1] . At that, the sources of RFI and the use of more frequencies near PMW instrument measurement bandwidths continue to increase. This is mostly relative to low-power unregulated sources [3] with large time and spatial variability. Specifically to distinguish low-level RFI-contaminated footprints, new dual-polarization channels in the 7.3-GHz band were added to AMSR2. The measurements at close frequencies are featured by similar dependence on the atmospheric and oceanic parameters, and they highly correlate over RFI-free areas under various environmental conditions. The presence of even low-level RFI at one of the channels decorrelates channel measurements, affecting the spectral difference. A different response to RFI at the 6.9-and 7.3-GHz bands allows discriminating the RFI-influenced areas for the 6.9-GHz channel measurements using just a simple threshold technique applied to the difference between the measurements at 7.3 and 6.9 GHz on the same polarization [10] .
In addition to a simple spectral difference method to identify the RFI at 6.9 GHz [10] , a model-based approach, which was developed for WindSat [6] , can be also used for the RFI at the 10.65-GHz detection in the AMSR2 measurement data. This method requires the prior identification of rain scenes to be removed, thus being limited to precipitation-free areas. The difference method in [9] to detect the RFI at 6.9 GHz in the AMSR-E data can be also applied, but it is inefficient in lowlevel RFI identification.
In this letter, we suggest a new method for RFI identification over open oceans for all six AMSR2 C-and X-band channels. The method is based both on the AMSR2 brightness temperature (T B ) modeling and on the analysis of empirical AMSR2 data over oceans. The general basis of the method is the strong correlation between the AMSR2 channel difference measurements in the absence of RFI. The joint analysis of T B spectral differences allows to identify the relations between them and the limits of their variability, which are ensured by the changes in the environmental conditions. These limits were derived for the RFI detection at the 6.9-, 7.3-, and 10.65-GHz channels at both polarization states. Since the T B model for the AMSR2 radiance calculations is only valid for nonprecipitating conditions, we extended the analysis to include empirical AMSR2 measurement data to account for precipitation and shifted the RFI threshold values accordingly.
II. APPROACH
The method to identify RFI areas is based on the results of the numerical modeling of the atmosphere-ocean system brightness temperatures under nonprecipitating conditions accompanied by the analysis of the AMSR2 measured T B fields. T B simulation was done using the geophysical model described in [11] . This model and the data set for numerical simulations were already successfully used for the development of the algorithms for the SST, the SWS, the WVC, the CLW, and the total atmospheric absorption retrievals from the GCOM-W1 AMSR2 measurements [12] .
After model simulations, we identified the discriminative functions, for which simple threshold values could be used to distinguish the physical range of values from a "nonphysical" range, which is ensured by RFI. The reasons for the selection of such variables are the following.
1) The natural differences in measurements at microwave frequencies in the C-and X-bands are due to the atmospheric and oceanic parameter variations. Consequently, when ensured by environmental changes, they should strongly correlate with each other contrary to signals from the external sources of microwave radiation.
2) The brightness temperature difference at close frequency channels at a single polarization over the oceans is mainly a function of the atmospheric water variables (the WVC, the CLW, and precipitation) [13] , being more independent on the sea-state changes [14] ; thus, it is more appropriate for defining the RFI criteria (less sensitive to sea surface wind variations).
Thus, for the simulated data set of brightness temperatures, we investigated the following spectral differences in measurements and their relations in the C-and X-bands, which are taken at the same polarization state: DT The relations between the modeled spectral differences in the C-and X-band channels at the horizontal polarization are presented in Fig. 1(a) . The lower picture shows some function of the spectral differences and T H 6.9 , which will be used for the identification of RFI at 10.65 GHz. Then, since the model calculations are restricted by nonprecipitating conditions, we analyzed suggested discriminative functions, which are empirically derived from the AMSR2 Level-1B brightness temperature data. The data sample was created from the measurements taken far from land or other known RFI sources (e.g., reflected signals from geostationary satellites) for precipitating and nonprecipitating conditions for the whole range of environmental conditions. A similar approach to analyze the relationships among the channels of the Special Sensor Microwave/Imager was successfully used in the past in developing a decision tree algorithm to identify the snow cover and the precipitation over land and ocean [15] . Fig. 1(b) shows the same spectral differences and their functions as Fig. 1(a) but for actual AMSR2 Level-1B brightness temperature data, including precipitating areas. The plots in Fig. 1(b) are built from the AMSR2 measurements far from land RFI sources or other possible known RFI sources.
Analyzing the values of DT
, and their relations, we found the limits of their variability ensured by the atmospheric and oceanic parameter variability. When these relations fell out of the limits, which are derived from such an analysis, we had the case of RFI. To illustrate how the formulated constraints help to identify RFI pixels, we analyzed the AMSR2 data for various seasons and geographical regions. Some of the illustrative examples are given in the Auxiliary materials. 1 Each of the examples also shows how the dependence, which is presented in Fig. 1 , is changed by the respective RFI.
III. RESULTS
In the following, we formulate the results of the analysis of the spectral differences and their interrelations at the AMSR2 C-and X-band channel measurements relative to each of the considered RFI contamination types. The summary of the results is generalized in the form of the decision tree aiming to help in RFI identification (see Fig. 2 ).
A. RFI at 6.9 GHz
Model calculations show that DT C2,C1 = T 7.3 −T 6.9 cannot be lower than ∼0.3 K for both polarization states. According to the AMSR2 measurement data analysis, DT H C2,C1 min = 0.5 K, and DT V C2,C1 min = 0.4 K. Setting hereafter the thresholds for minimum spectral differences, we present the results of model calculations. If DT H,V C2,C1 < 0.3 K, we have the case of RFI at 6.9 GHz (RFI 6.9 ) for horizontal (H) or vertical (V) polarization. Here, if there is also RFI at 7.3 GHz (RFI 7.3 ), the formulated rule does not work. In such a case, the value of DT X,C1 = T 10.65 − T 6.9 can be used if there is no simultaneous RFI at 10.65 GHz. According to numerical modeling results, DT H X,C1 min = 3.3 K, and DT V X,C1 min = 3.6 K. Thus, if we define the criteria for the 6.9-GHz RFI as DT
, we detect all RFI areas at 6.9 GHz, excluding the cases with RFI at all three frequencies. If DT
we have RFI at 6.9 and 7.3 GHz simultaneously. The decision tree to outline the steps for the RFI 6.9 identification is presented in Fig. 2(a) . The regional values of the minimum spectral differences to identify more RFI-contaminated pixels can be somewhat larger due to different atmospheric and oceanic backgrounds.
This type of RFI can be visually detected by the side-by-side analysis of DT C2,C1 and DT X,C1 . Easily detectable RFI 6.9 in area 2 manifests itself as a dark-blue area (DT Fig. 3(a) ]. Area 1 can be also referred to as RFI 6.9 by criterion DT H X,C1 < 3.3 K [the bluecolored pixels in Fig. 3(b) ], but it cannot be visually identified in the DT H,V C2,C1 field due to strong RFI at 7.3 GHz. Area 3 presents the case of the simultaneous RFI of almost equal intensity in both C-subbands. It cannot be identified in Fig. 3(a) , but it is well detected in the DT H X,C1 field in Fig. 3(b) .
B. RFI at 7.3 GHz
An excess in the spectral difference DT can be used for the RFI 7.3 detection. The middle plots in Fig. 1 show that this ratio should fall into some range of values 
IV. CONCLUSION
The general sources of the ocean RFI for AMSR2 measurements are television signals from geostationary satellites, which are reflected from the ocean surface and the direct emission from surface-based sources. RFI covers the large and growing ocean areas and is now observed in new frequency bands. It not only greatly affects AMSR2 brightness temperatures but also appears to be a growing cause of concern for satellite microwave radiometry in general. In order to properly detect RFI contamination, RFI identification methods for AMSR2 C-and X-band channels were developed. They use the threshold criteria on the discriminative functions of the spectral differences in T B values for two subbands of the C-band and one X-band taken at the same polarization state. These criteria were formulated on the basis of T B modeling complemented with the analysis of AMSR2 measurement data over oceans.
The suggested method is not fully developed. Only several combinations of RFI sources at AMSR2 C-and X-band frequencies are considered, i.e., RFI 6.9 , RFI 7.3 , RFI 10 .65 , RFI 6.9 +RFI 7.3 , and RFI 6.9 +RFI 10.65 . Moreover, the method will help to discriminate the RFI 7.3 or RFI 10 .65 signals from rain signals, but it will not work if both RFI 7.3 (or RFI 10.65 ) and rain are present. More analysis is needed to cover all possible combinations of rain and RFI at different frequencies. More insight into the regional variability of the threshold values for RFI identification is required.
Nevertheless, the developed simple criteria can be used to detect most RFI-contaminated pixels over the World Ocean for AMSR2 measurements in two C-subbands and the X-band. Examples of the method performance are given in the Auxiliary materials.
